Inactivation of key substrates by ubiquitin-mediated proteolysis controls the passage of cells through mitosis. The APC/C (anaphase-promoting complex/cyclosome) targets a large number of substrates for proteolysis during the final steps of mitosis and cytokinesis, but the significance of these targeting events, particularly in mammalian cells, is largely unknown. In this review, I summarize what is known about how the APC/C selects its targets during mitotic exit and review the evidence that substrate targeting after anaphase onset may be required for the correct execution of events at this time in the cell cycle.
Introduction
At the core of the eukaryotic cell cycle lies the switch between interphase and mitosis that arises from the mutual regulation between CDKs (cyclin-dependent kinases) and the APC/C (anaphase-promoting complex/cyclosome). The APC/C is a large (1.5 MDa) ubiquitin ligase of at least 13 subunits that was first identified as an activity essential for destruction of mitotic cyclins and segregation of duplicated chromosomes at the metaphase-anaphase transition. Like other ubiquitin ligase (or E3) activities, the APC/C acts in concert with a ubiquitin-activating enzyme (or E1) and a ubiquitin-conjugating enzyme (or E2) to catalyse the transfer of ubiquitin on to substrates. Multiple rounds of ubiquitin transfer give rise to polyubiquitin chains, and it is these that mark substrates for destruction by the 26S proteasome. The APC/C is activated by rising mitotic cyclin-CDK activity as cells enter mitosis; the fully active APC/C is then able to target the mitotic cyclins (amongst other substrates), triggering the switch that will allow cells to return to interphase [1] . This switch is under the control of the major mitotic checkpoint, the spindle assembly checkpoint, to ensure that it does not occur until chromosomes are properly aligned on the mitotic spindle. Once the checkpoint is satisfied, APC/C-mediated ubiquitination of mitotic cyclins brings about the rapid loss of mitotic CDK activity, whilst simultaneous targeting of securin (an inhibitor of the protease separase) leads to loss of cohesion between sister chromatids at the metaphase-anaphase transition, allowing their segregation to opposite poles of the anaphase spindle. Further events, triggered by the targeting of mitotic cyclins and securin, then contribute to the exit from mitosis (reviewed in [2] ). Some of these events involve the activation of Key words: anaphase-promoting complex/cyclosome (APC/C), cytokinesis, degradation, proteolysis, substrate targeting. Abbreviations used: APC/C, anaphase-promoting complex/cyclosome; CDK, cyclin-dependent kinase; D-box, destruction box; MT, microtubule; Plk, Polo-like kinase. phosphatases, since mitotic exit requires the reversal of phosphorylations carried out by mitotic cyclin-CDK. In budding yeast the Cdc14 phosphatase plays this role at anaphase, but there are few details known about how sequential dephosphorylation of mitotic CDK substrates is achieved in higher eukaryotes. Another component of the switch allowing return to interphase is altered substrate recognition by the APC/C. The properties of the APC/C change during mitotic exit as a consequence of the loss of mitotic CDK activity at the metaphase-anaphase transition. One factor contributing to altered substrate recognition is the APC/C co-activator Cdh1, which becomes active at anaphase (see below). Another important factor is likely to be changes in the phosphorylation state of the APC/C. Changes in phosphorylation state, binding partners and localizations of the substrates also occur at this time, but it is not known how these changes contribute to their recognition by the APC/C. The end result of these changes is the sequential destruction of a large number of mitotic regulators, including Polo-like and Aurora kinases, spindle checkpoint components and many MT (microtubule)-associated proteins and motors [3] .
Regulated substrate targeting and the control of mitotic transitions
Proteolysis is a useful mechanism for irreversible inactivation of proteins whose activity is no longer required. More than this, it can be a mechanism to govern transitions that depend on the loss of activity of critical regulators. This paradigm describes the targeting events mediated by the APC/C at the metaphase-anaphase transition. Thus, for example, the destruction of B-type cyclins governs assembly of the spindle midzone during mitotic exit [4, 5] . An elegant demonstration of the role of proteolysis in governing this transition was made recently, with the finding that forced loss of CDK activity (using specific inhibitors) in the absence of proteolysis would drive spindle midzone formation and mitotic exit, but that the irreversibility of these processes was lost [6] . [50] with permission of the Company of Biologists. GEF, guanine-nucleotide-exchange factor.
Substrate
Timing of degradation Role in mitotic exit
Plk1
Anaphase onset [20] Recruitment of Ect2 RhoGEF component of cleavage signal [23] [24] [25] Midzone organization (phosphorylation of Mklp2) [40] Aurora B Between anaphase and G 1 [21] Midzone organization (phosphorylation of Mklp1) [41] Phosphorylation of intermediate filaments at the cleavage furrow [42, 43] Chromosome compaction in anaphase [44] Anillin Late mitosis and G 1 [26] Interactions between contractile ring and septins [45] Asymmetric furrowing [46] 
PRC1
Late mitosis and G 1 [36] Bundling antiparallel MTs in central spindle [47, 48] Recruitment End of mitosis [38] Regulation of septins in cytokinesis [38] Does the paradigm hold true for targeting events mediated by the APC/C after anaphase onset? Are there substrates specifically targeted at this time whose destruction is required to govern some of the complex transitions occurring in the cell during mitotic exit? Or is their destruction simply the removal of these substrates from the cell in preparation for interphase, and the following mitosis? With few exceptions, the exact timing of proteolysis of these substrates is not known. This information, together with descriptions of their dynamic behaviour, will be important for understanding how their proteolysis might contribute to mitotic exit and cytokinesis. Here I will discuss what is known about how the APC/C targets its substrates, and how this might contribute to the reorganization of the cell that occurs at this time.
How does the APC/C select its substrates?
The pivotal role of the APC/C in mitosis depends upon its ability to mark different substrates for destruction at different times. Although much progress has been made in recent years towards understanding the structure of APC/C-substrate complexes [1] , it is still far from clear how the APC/C achieves this complex task. Two key players in this task are the WD40 repeat-containing coactivator proteins, Cdc20 and Cdh1 [7] . APC/C activity is critically dependent on the presence of one or other of these co-activators in vitro, and because they were found to activate the APC/C in a substrate-specific manner, early models proposed that the co-activators acted as substraterecognition motifs by binding directly to substrates and delivering them to the APC/C. Meanwhile, the 'destruction box' or D-box motif was first identified as a short sequence within the N-terminus of cyclin B1 that was necessary for its ubiquitination by the APC/C [8] . Loosely conserved D-boxes (consensus RxxL) have subsequently been found to mediate destruction of many APC/C substrates, whilst alternative destruction motifs, such as the KEN motif of Cdc20 [9] , have been identified in others. However, although Cdc20 and Cdh1 are capable of direct interactions with D-box motifs through their WD40 propeller motif [10] , the most rigorous biochemical approach identified the APC3 subunit, and not Cdc20, as the receptor for the D-box of B-type cyclin [11] , whilst the APC10 subunit [12] can also mediate interactions with D-box containing substrates. It is now thought that all of these interactions occur in the cell and that ternary complex formation (between APC/C-substrateco-activator, see Table 1 ) is important for the processivity of the ubiquitination reaction. Multiple contacts, perhaps by preventing disassociation of the substrate after each round of ubiquitination, might favour processive reactions, leading to the assembly of polyubiquitin chains [12, 13] . Extending this idea, Rape et al. [14] have argued that the ordering of substrate proteolysis could arise from intrinsic differences in the processivity of ubiquitination on different substrates, and not from differences in timing of the APC/C-substrate interaction.
Nonetheless, it is clear that Cdc20-and Cdh1-driven versions of the APC/C are active at different times during mitosis, and therefore target different substrates. APC/C Cdc20 becomes active at mitotic entry whilst APC/C Cdh1 is not active until later in mitosis. Several mechanisms operate to ensure that APC/C Cdh1 is active only during a window between anaphase onset and the end of G 1 -phase. Phosphorylation of Cdh1 by CDK can inhibit its association with the APC/C [15] and is thought to prevent APC/C Cdh1 activity during mitosis until mitotic cyclins are destroyed by APC/C Cdc20 at the end of metaphase. Other inhibitors suppress APC/C Cdh1 activity during interphase: the CAB (Cdh1/Acm1/Bmh1) complex in budding yeast [16, 17] , Rca1 in Drosophila [18] and Emi1 in higher eukaryotes [19] . It is not known if such inhibitors operate during mitosis to regulate the activation, or substrate specificity, of APC/C Cdh1 . The transition from metaphase to anaphase is accompanied by a broadening in substrate specificity of the APC/C. D-boxes that are not recognized by the APC/C prior to anaphase {for example, those of Plk (Polo-like kinase) 1 and Aurora B kinase in human cells [20, 21] } suddenly become active destruction motifs at this time. This corresponds to the time at which APC/C Cdh1 is thought to be assembled, and this phenomenon has been ascribed to a relaxed substrate specificity of Cdh1 compared to Cdc20 (for example, Cdh1 also recognizes substrates with KEN motifs [9] ). However, it is likely also that changes to the APC/C (for example in the phosphorylation state of different subunits) can determine its interactions with substrates, and indeed our own results show that Cdh1 is not rate-limiting for targeting of many substrates by the APC/C during mitotic exit (S. Floyd, J. Pines and C. Lindon, unpublished work).
Does substrate targeting by the APC/C play a role in cytokinesis?
Several of the known substrates of the APC/C during mitotic exit are active in events leading to cytokinesis (Table 1 ) [22] . Therefore targeting by the APC/C could, in theory, contribute to the organization of these activities. For example, recent work from several groups has shown that Plk1 plays a critical role in assembling the cleavage furrow early in anaphase [23] [24] [25] , this at the time when studies on the bulk Plk1 population in the cell show that it is being actively targeted for proteolysis [20] . At this time in anaphase, Plk1 is present on the spindle poles, on the kinetochores and at the spindle midzone, locations at which it presumably carries out different functions. So which population of Plk1 is it that is being targeted by the APC/C? Is proteolysis contributing to the spatial regulation of Plk1 activity at anaphase? Our own finding, that expression of a non-degradable, constitutively active version of Plk1 leads to robust recruitment of anillin (a component of the cleavage furrow) to the cell cortex, and delay or failure in anillin recruitment to the presumptive cleavage furrow (Figure 1) , is certainly consistent with the idea that Plk1 degradation contributes to the organization of the cell at anaphase. Other substrates of the APC/C, including anillin itself and Aurora B kinase [21, 26] , all play spatially restricted roles in cytokinesis and may be targeted by the APC/C at this time ( Table 1) . The APC/C itself shows dynamic localization through mitosis [27] , and could direct localized proteolysis of critical substrates. But what is the evidence that APC/C targeting of any of these substrates is important?
Evidence for a role for APC/C-mediated proteolysis
This is a question that has proved difficult to address, since APC/C-mediated proteolysis is required for cells to reach the later stages of mitosis with complete degradation of mitotic cyclins. However, experiments on echinoderm embryos have shown that complete degradation of mitotic cyclins is not required for a furrowing activity induced by the anaphase spindle, when pushed close to the cortex of the cell. This furrowing activity requires APC/C activity (since it is inhibited by the spindle checkpoint) but not degradation of mitotic cyclins (since it still occurs in the presence of non-degradable cyclin) [28] , suggesting that targeting of a substrate other than mitotic cyclin promotes cytokinesis. Inactivation of Cdh1 (the only component of the APC/C that is not thought to be required for mitosis before anaphase) in human cells has recently been shown to contribute to genomic instability [29] . Although the role of Cdh1 in interphase cell cycle control is probably important here, inaccuracies in cytokinesis are predicted to be an important source of genomic instability. Our own recent results show that APC/C Cdh1 is involved in controlling the timing of cytokinesis (S. Floyd, J. Pines and C. Lindon, unpublished work), and we are currently investigating how this contributes to the accuracy of cell division.
The advent of chemical inhibitors of the 26S proteasome (such as MG132) have made it possible to design experiments that more directly test the role of proteolysis in late mitotic events. In one such study, treatment of cells with MG132 was found to prolong the time during which cells remain competent to undergo cytokinesis, leading the authors to propose the existence of a proteolysis-dependent cytokinesis timer [30] . Preliminary studies of our own have found that treatment of cells with MG132 during mitotic exit blocks cytokinesis at the final abscission event, during which the daughter cells resolve the midbody and plasma membrane that joins them (C. Lindon, unpublished work).
In conclusion, there is evidence that ubiquitin-mediated proteolysis is required for cytokinesis, and some evidence for the involvement of APC/C-mediated ubiquitination. However, the APC/C is not the only ubiquitin ligase active in mitosis; for example a CUL3-dependent ligase has been found to play a role in targeting Aurora B that is essential for the completion of cytokinesis [31] . More definitive experiments here will require knowledge of the substrates that are the relevant targets of the APC/C. 
Evidence that destruction of specific substrates is important
The search for targets of the APC/C in higher eukaryotes is bolstered by the long-standing observation that degradation of APC/C substrates in budding yeast is required for the normal timing of events at mitotic exit. Ase1 is an essential stabilizing component of the anaphase spindle, but must be degraded for disassembly of the spindle at the end of mitosis [32] . Kip1, a kinesin required for bipolar spindle assembly, is targeted by APC/C Cdc20 at anaphase onset to facilitate spindle remodelling at anaphase, since completion of anaphase is delayed in cells expressing a non-degradable version [33] .
In human cells PRC1, the homologue of Ase1, appears to play an equivalent essential role in stabilizing the spindle midzone at anaphase. Reversal of CDK phosphorylation after anaphase promotes the MT-bundling activity of PRC1, its localization to the midzone and docking of Plk1 to this site [34, 35] . However, although PRC1 is then destroyed as cells return to G 1 [36] , it has not yet been shown that this destruction contributes to spindle disassembly in higher eukaryotes. Other known substrates of APC/C Cdh1 do not appear to perturb mitotic exit when expressed in non-degradable form (for example, anillin [26] ) whilst others perturb events already when overexpressed, and more severely when a non-degradable version is expressed (for example, the frog chromokinesin Xkid in in vitro anaphase extracts [37] , and Plk1 in human cells [20] ). These findings illustrate the problems inherent in establishing the importance of substrate proteolysis in human cells: firstly the experimental problem of distinguishing non-degradation from overexpression when using exogenously expressed substrates, and secondly the complexity of redundant pathways that contribute both to the inactivation of key mitotic regulators and to the robust control of cytokinesis [22] .
A recent example of this redundancy is the demonstration that budding yeast IQGAP (regulator of septins) plays a role in cytokinesis that is independent of actomyosin ring constriction, and modulated by APC/C Cdh1 -dependent proteolysis. Cytokinesis can be rescued in myo1 (myosin) mutants by mutations in non-essential APC/C subunits, or Cdh1, that allow accumulation of IQGAP [38] . Thus APC/C normally acts to attenuate IQGAP activity during mitotic exit, allowing actomyosin contraction to drive cytokinesis. This pathway is not critical for the success of cytokinesis, but probably contributes to its accuracy.
We believe that many other roles for the APC/C in finetuning events at this time remain to be discovered. The recent discovery of the NoCUT pathway in budding yeast, whereby errors in chromosome segregation can delay the final steps of cytokinesis, may provide another example. The budding yeast homologues of Aurora kinases (Ipl1) and anillin (Boi1, Boi2), are implicated in this pathway [39] . Although it is not known if Ipl1, Boi1 or Boi2 are substrates for the APC/C, it is tempting to speculate that proteolysis of Aurora kinases or anillin during mitotic exit in human cells could be contributing to the control of cytokinesis or abscission timing through similar pathways. Indeed, we have found that stabilization of Aurora kinase brings forward the timing of cytokinesis in human cells (S. Floyd, J. Pines and C. Lindon, unpublished work).
Conclusions
The dynamic behaviour of the major regulators during mitotic exit means that there is clear potential for regulation of their functions through APC/C-mediated targeting of specific subpopulations. Although there is evidence for roles of APC/C and of ubiquitin-mediated proteolysis in the regulation of cytokinesis, there is an absence of reliable information on the dynamics and functions of potential substrates that would allow us to interpret this evidence. Progress in understanding the role of the APC/C at this time will require analysis of fully functional non-degradable versions of substrates, expressed in the absence of the endogenous proteins, as well as new strategies to inactivate the APC/C that will allow the proper investigation of mitotic events in anaphase and beyond. 
